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PERSPECTIVES:

THE INCREASING CROSS-TALKS BETWEEN THE
“DRY” AND “WET” SCIENCES

P.0. OKONKWO, FAS

In the early 1960s, the Higher School Certificate Course was the track
to direct entrance to Nigerian universities. There was a clear dichotomy
between those who opted for Additional Mathematics, Mathematics
and Physics and those who followed the “wet sciences” of dissections,
buffers, enzymes in Botany, Zoology and Chemistry. The would-be
“dry scientists” toted around slide rules, mathematical sets, and pen-
cils and were destined for careers in the computational sciences and
engineering. Those in the “dry areas” acted as if they were smarter,
and the two groups lived in different scientific worlds. Increasingly,
however the two scientific worlds are having serious conversations.

Exactly sixty years ago, James Watson and Francis Crick announced
to an astonished world that they had deciphered the structure of De-
oxyribonucleic Acid (DNA), the building block of life, [1] . I remember
as a young PhD student visiting the Cricks in Cambridge and gawking
in awe at a five foot paper model of DNA on their porch and wondering
to myself how anyone could have made such a stupendous discovery.
Many now believe that the honors and Nobel Prize should have been
extended to a brilliant, beautiful, but doomed X-ray crystallographer,
Rosalind Franklin, whose data was delivered to the duo of Watson and
Crick without her knowledge. Crick was a physicist, Watson a virol-
ogist, but without Franklin’s data no one would have predicted the
double helix and the genetic code. This was a case of physics talking
to biology at the Cavendish laboratory where many things are discov-
ered. Sadly, Ms. Franklin died of cancer at the age of 37. Before the
discovery of DNA, there were many claimants to the discovery of the
compound microscope. In my opinion, it was Leeuwenhoek who, in the

late 17th century, first observed bacteria and yeasts in a drop of water
1



2 P.O. OKONKWO, FAS

and presented his observations to the Royal Society of England and
the French Academy, [2]. Without the microscope, microbiology would
have remained in its infancy. There are now few areas of science where
computational and dry sciences do not loom large. In discovery of new
drugs, combinatorial chemistry is now routine. Many years ago, we
were involved in treating large populations of river blindness patients
with the drug ivermectin, [3]. The drug was magical in that a single
tablet was effective in clearing skin and ameliorating eye lesions for up
to a year, and yet the drug disappeared from the body within twenty-
four hours. This phenomenon is common with chemotherapy where the
curative agent disappears from the body before the destruction of the
parasite or bacteria commences. I traveled to the University of Buffalo,
USA in 2006, at the age of 64, to undergo a course in pharmacodynamic
modeling in order to suggest an explanation for this phenomenon. This
would have been unnecessary if we had had willing collaborators in
computational sciences, or if I had had requisite courses in advanced
calculus as a young man. Incidentally, it has just been announced that
our ivermectin may also be useful in malaria prevention, [4]. In our uni-
versities now, students run away from dry sciences with the exception
of the engineering sciences. A Vice-Chancellor had several professors
of Mathematics, but no students. He even offered scholarships for new
students, but there were no takers. The situation is quite grave. A plan
is to be devised to rescue pure sciences as a whole. Mathematics should
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| e————
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be emphasized from kindergarten, and there should no longer be a gap
between the dry and wet sciences. Therefore, as we celebrate 60 years
of the discovery of the structure of DNA, (structure is shown above
courtesy of U.S. Library of Medicine) let us inculcate the collaborative
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spirit that engineered that iconic feat. Let us encourage the study of
Mathematics and at the same time affirm the unity of all Science.
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SALT INTAKE, SALT SENSITIVITY AND
HYPERTENSION IN NIGERIANS: AN OVERVIEW.

0.A. SOFOLA, FAS 1*, S.0. ELIAS 2, E.A. AZINGE 3, AND A.K. OLOYO !

ABSTRACT. It is widely recognized that a high dietary intake of
salt can result in hypertension and various studies have confirmed
this link. Epidemiological studies have shown that communities
that consume large amounts of salt in their diet have a high in-
cidence of hypertension. Studies in experimental animals show
that giving high salt in the diet can result in high blood pressure.
Some of the mechanisms responsible for this observation include
enhanced constriction response as well as reduced relaxation of re-
sistance vessels. There also appears to be sexual dimorphism in
the responses. In humans, our experiments have reported elevated
blood pressure in response to oral salt loading and this elevation or
Salt Sensitivity may be related to increased salt retention. Some
suggestions include genetic defect in the renal tubules in the han-
dling of sodium ions, due to mutation in the Epithelial Sodium
Channel (ENaC), which is common in blacks. Our studies with
the drug, amiloride that blocks ENaC tend to confirm this, as well
as experiments that test sympathetic nervous system mechanisms
by the Cold Pressor Test (CPT) which confirm vascular hyper-
reactivity. Subsequently we hope to conclude genetic studies on
ENaC polymorphism and mutations in our subjects. The even-
tual goal is the development of screening mechanisms to identify
individuals that are salt sensitive and so advise on dietary salt
restriction in order to reduce the incidence of hypertension.

1. Introduction

Salt or sodium chloride has been used over the years as food condi-
ment as well as preservative. Over the millennia it has been available

Key words and phrases. Salt, Hypertension, Salt Sensitivity, Epithelial Sodium
Channel (ENaC).
* Corresponding author.
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from sources including sea water, rock salt and recently, manufactured
industrially. The universal use of salt has also resulted in behavioural
trends in which its consumption level varies in many different com-
munities. Sodium in salt is the major cation in the body fluids and
blood. Its osmotic property allows it to attract water along with it
especially at the nephrons such that excessive salt intake can result in
expansion of blood volume which can result in high blood pressure or
hypertension.

Thus, there is extreme interest in the relationship between the amount
of salt consumption in food and the level of arterial blood pressure. The
recommended average daily intake is about 5g (or 8 mmol) per day,
equivalent to about 1 teaspoon but actual consumption ranges between
1 g per day to as high as over 10 - 12g in some populations (Meyer,
2010). Epidemiological studies have shown a correlation between the
level of salt intake and the incidence of hypertension. For example,
communities that consume very little or no salt in their diet such as
Eskimos, Kalahari tribesmen of Southern Africa and Yanomamo In-
dians in Brazil among others have incidence of hypertension which is
virtually zero whereas those that consume a high salt in their diet such
as the inhabitants of Northern Japan do have incidence of hypertension
that is as high as 40% of the population (Oliver, Cohen, & Neel, 1975).
Indeed the most well known community with regard to low salt intake
are the Yanomamo Indians on the border of Venezuela and Brazil who
have been reported to ingest as little as 0.46g/day (20mmol/day) of
sodium (Food and Nutrition Board, 2004) and at the age of 50 years,
the average blood pressure in this community is only 100/64 mmHg
(Meneton, Jeunemaitre, De Wardener et al, 2005).

A large scale study that involved 52 centres in 32 countries and encom-
passing over 10,500 subjects, the INTERSALT study (INTERSALT
1988), found a correlation between the quantity of salt consumption
and the level of blood pressure. Salt intake was estimated from the
quantity of sodium excreted in urine in 24 hours which is termed 24
hours Urinary Na excretion. By contrast, another study that looked
into the effect of salt restriction in the diet, the Dietary Approach
to Stop Hypertension (DASH) showed that reduction of salt intake in
the diet resulted in the lowering of blood pressure in both normoten-
sive and hypertensive subjects (Sacks, Svetkey, Volman et al, 2001).
The DASH diet which has been made popular in the United States in-
volves the reduction in consumption of high salt-containing processed
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food and replacements with fruits and germ cereals. The results show
significant beneficial effects on not only blood pressure but also on car-
diovascular well-being. A recent meta-analysis of studies on salt and
blood pressure has estimated that reduction in salt intake of 5gm (1
teaspoon) could result in 25% fewer strokes and other cardiovascular
events (Meyer, 2010).

The afore-mentioned observations became an impetus to embark on
studies to find out the mechanisms by which high salt in the diet can
result in elevation of blood pressure. Studies were then carried out on
experimental animals in order to test the effects of high salt diet on
blood pressure. Previously, Dahl (Dahl, Heine & Tassinari, 1962) had
developed genetically-selected rats that developed hypertension when
subjected to a high salt diet, the so-called Dahl Salt Sensitive (Dahl-
SS) rats, as well as the subset of salt resistant strains or Dahl-SR
rats. However, in our studies we have used normal or non-genetically
selected Sprague - Dawley (SD) rats. If weanling SD rats of 4 - 6 weeks
of age are fed a high salt diet containing 8% sodium chloride, for about
6 - 8 weeks, they often developed high blood pressure (Miyajima &
Bunnang, 1985; Obiefuna, Ebeigbe, Sofola et al, 1991). Other studies
involving chimpanzees (Denton, Weisinger, Mundy et al., 1995). or
dogs (Hainsworth, Sofola, Knill & Drinkhill, 2003), fed with high salt
diet have also reported elevated blood pressure in these experimental
animals.

2. Studies on Experimental Animals

In our rat studies, high dietary salt intake resulted in high blood
pressure which can be attributed to vascular mechanisms. We therefore
set out to investigate the responses of isolated blood vessels of rats and
dogs that have been fed a diet that has a high salt content. In arterial
vessels, which we studied by using isolated aortic ring segments (Figs
1, 2), or the pressurized mesenteric artery preparation (Fig 3), a high
salt diet resulted in enhanced constriction tone (Obiefuna, Ebeigbe,
Sofola et al, 1991; Sofola, Knill, Hainsworth et al., 2002) as well as
reduction in relaxation responses to agonists (Sofola, Knill, Myers et
al, 2004), both factors that will increase vascular resistance and hence
blood pressure. In addition, the veins which act as conduit vessels,
that return blood to the heart, also show enhanced constriction tone
after a high salt diet in the dog (Hainsworth, Sofola, Knill et al, 2003).
The effect of this is that venous return to the heart will be increased
leading to high cardiac output and hence high blood pressure.
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The reduced relaxation response that we reported in arterial resistance
vessels was shown to be mediated by changes in the signaling mecha-
nism in the vessel where the usual vasodilator agent - the Endothelium
Derived Relaxing Factor (EDRF) is replaced by another vasodilator
agent, the Endothelium Derived Hyperpolarizing Factor (EDHF) (So-
fola, Knill, Hainsworth et al., 2002). In these experiments, perfused and
pressurized mesenteric vessels exhibited identical relaxation responses
to acetylcholine but this response was reduced by the inhibitor of Nitric
Oxide Synthase (NOS), N-methly L-arginine methyl ester (L-NAME)
in rats fed a high salt diet, but abolished by blocking EDHF with
apamin and charybdotoxin in both normal salt and high salt rats (So-
fola, Knill, Hainsworth et al, 2002). We have also reported reduction
in cyclicc- AMP mediated relaxation responses in isolated aortic ring
preparation (Sofola, Momoh, Igbo et al, 2003). Equally, the concurrent
administration of potassium ions (K+) or the drug spironolactone, a
potassium-sparing agent, has been shown to reverse or inhibit elevated
blood pressure as well as the constriction responses of blood vessels to
agonists following a high salt diet (Sofola & Adegunloye, 1998). This
observation is important in that it has been well reported that intake
of potassium e.g. in fruits as well as calcium as in skimmed milk, can
reduce the tendency to develop high blood pressure, as shown as part
of the recipe of the DASH diet (Sacks, Svetkey, Volman et al., 2001).
In addition, we have reported that the male hormone, testosterone,
whenadministerd exogenously, may actually reduce the tendency for
blood vessels to contract and so prevent development of hypertension
in contrast to the belief that this hormone contributes to the higher
incidence of hypertension in males (Oloyo, Sofola, Nair et al, 2011).
However, following orchidectomy, the elevation in blood pressure in re-
sponse to a high salt diet is reduced suggesting that endogenous testos-
terone production contributes to blood pressure elevation via genomic
mechanisms (Oloyo, Sofola & Anigbogu, 2011), in contrast to the va-
sorelaxant action of exogenously administered testosterone, acting via
non-genomic mechanisms (Oloyo, Sofola, Nair et al, 2011).

3. Salt Loading and Blood Pressure in Human Subjects

Following several reports and experiments in laboratory animals, we
have now shifted our focus to studies in human subjects. As mentioned
earlier, dietary salt intake can be evaluated from the 24 hour urinary
excretion of sodium ion. Experiments were carried out in which oral
salt of 200 - 400 mmol (about 11 - 22g of salt) was given to subjects
over a period of three days. Blood pressure and other parameters such
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as serum levels of sodium and potassium as well as urinary excretion of
these ions were then monitored (Azinge, Mabayoje, Sofola et al, 1999).
The background to these series of studies is based on reports that
blacks e.g. African Americans or native Africans do have a higher inci-
dence of hypertension when compared with Caucasians. Furthermore,
it has been shown conclusively that blacks tended to respond with a
high blood pressure in response to salt than their Caucasian counter-
parts. The incidence of salt sensitive hypertension in normotensive and
hypertensive Caucasians in the United States is about 29% and 56%
respectively compared with 43% and 72% respectively in normotensive
and hypertensive African Americans (Weinberger, 1996). In Nigeria,
the incidence of hypertension has recently been reported to be about
32.8% (Ulasi, Ijoma & Onodugu, 2010). In a study in Britain, the
incidence of hypertension in blacks living in South London has been
reported to be as high as 50% (Cappucio, Cook, Atkinson et al). There
thus appears to be a higher association between salt intake and hyper-
tension in blacks. This may have some relationship to salt sensitivity.

Salt sensitivity in blacks has historical and scientific backgrounds. The
historical background on bio-history of slavery suggests that surviving
"slaves” after the transatlantic shipment did survive because of their
possessing inherent sodium conserving mechanisms during heat expo-
sure and this trait was then transferred to later generations (Wilson
& Grim, 1991). However, lately it has been shown that some aspects
of salt sensitivity in blacks is possibly related to defective Epithelial
Sodium Channel (ENaC), which is the membrane channel mechanism
that regulates the final adjustments for sodium reabsorbed at the dis-
tal tubules of the kidney thus regulating the final amount of sodium
ions that are retained in the body. A defective channel that results
in excessive sodium reabsorption will lead to its accumulation in the
body and hence cause the tendency for blood pressure to increase.
This defect in ENaC occurs in about 5% of hypertensive blacks in the
United States compared with less than 1% of Caucasians (Baker, Dug-
gal, Dong et al, 2002). The defect has been linked to a transmutation
of TH94M gene, where Threonine is exchanged for Methionine, in the
3 subunit of the genes. The ENaC is regulated by Aldosterone and is
Amiloride-sensitive. Thus the drug Amiloride can be useful in cases of
hypertension with defective ENaC (Baker, Duggal, Dong et al, 2002).

Our current studies are thus looking at:

e Salt Taste Threshold variability in individuals
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e Salt sensitivity of blood pressure in normotensive and hyper-
tensive Nigerians

e Blood pressure responses to neurally-mediated sympathetic chal-
lenges using the Cold Pressure Test and

e The role of ENaC in salt sensitivity in normotensive and hyper-
tensive Nigerian subjects

Salt Taste threshold (STT) examines individual perception of salt taste
at different salt concentrations. A high salt taste threshold will suggest
tendency to a high salt consumption because of the reduced taste per-
ception for salt which can then lead to an increase in its consumption
and hence a rise in blood pressure. Some studies in our environment
have reported correlation between a high salt taste threshold and hy-
pertension (Obasohan, Ukoh, Onyia et al. (1992).

Salt sensitivity describes the propensity of individuals to show mean-
ingful changes, increases or decreases, in mean arterial blood pres-
sure (MABP)in response to sodium repletion or restriction respec-
tively (Sanders, 2008). Hypertensive subjects are generally more salt-
sensitive than normotensive subjects (Franco, Oparil, 2006; He, Gu,
Chen et al, 2009). Salt sensitivity is useful in predicting target or-
gan damage such as left ventricular hypertrophy, renal dysfunction,
and increased mortality (Titze & Machnik, 2010). Salt sensitivity
is determined when the Mean Arterial Blood Pressure (MABP) in-
creases by > bmmHg following a salt load (Cooper & Hainsworth, 2002;
Schmidlin, Forman, Sebastian et al, 2007). Preliminary results among
our Nigerian subjects, following salt loading with 200mmol sodium
daily for 5 days, have shown that salt sensitivity occurred in 52% of
normotensive subjects and in 60.7% of age-matched hypertensive group
of subjects respectively (Elias, Azinge, Umoren et al, 2011).

4. Salt sensitivity and Salt Reactivity

The Cold Pressor Test (CPT), determined from blood pressure re-
sponse to cold immersion of the foot in ice slurry at 4°C, was car-
ried out in our normotensive and hypertensive subjects before and
after salt loading with 200mmol of sodium daily for 5 days. The
CPT allows categorization of vascular reactivity in subjects. Hyper-
reactivity occurs when the elevated blood pressure response to the CPT
is > 15mmHg, systolic or diastolic (Kasagi, Akahoshi, Shimaoka, 1995;
Chen et al, 2008). Our recent preliminary results have shown that 71%



10 O.A. SOFOLA, FAS *, S.0. ELIAS 2, E.A. AZINGE 3, AND A.K. OLOYO !

of normotensive subjects and 68.2% of hypertensive subjects are hyper-
reactive and these figures increased and reduced respectively following
salt-loading. More subjects are being recruited to study this in more
detail.

Results from our laboratory also show that salt sensitivity among nor-
motensive and hypertensive subjects is positively correlated with sys-
tolic reactivity. Being a predictor of the tendency to develop hyperten-
sion, this Cold Pressor Test is being developed as a screening test for
pre-hypertensive subjects among our populace.

Our current on-going work seeks to eventually develop scientifically
based criteria for determining salt sensitivity in an individual and there-
fore the prediction of hypertension in Nigerians. If this is established,
we can therefore carry out dietary counseling to susceptible individuals
so as to reduce the tendency towards developing high blood pressure.
Our experiments on the assessment of ENaC will also allow us even-
tually to develop a possible genetic marker for identifying those with
defective ENaC gene. The ultimate is to be able to carry out real
genetic studies in order to determine actual genetic profiling, identify
genetic determinants and hopefully determine the genomic mechanism
for salt sensitivity and hence of salt induced hypertension.

In conclusion, the large number of studies on experimental animals and
man has linked a high intake of salt with the possibility of developing
hypertension. However, not everyone will develop hypertension from
the intake of salt but a large proportion of people that are salt sensi-
tive will do so. Therefore a reduction in the quantity of salt in cooked
food for both normotensives and hypertensives, avoidance of high con-
sumption of processed food, development of the habit of NOT adding
extra salt to table food, identification of salt sensitive individuals and
their dietary counseling will go a long way in reducing significantly, the
incidence of hypertension as a result of salt intake in Nigerians.
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F1GURE 1. Grass Polygraph Model 7D Recorder and Or-
gan Baths. The aortic rings are suspended in an array of
organ baths which can record from 3 to 4 rings simulta-
neously

FIGURE 2. Schematic diagram of an Organ Bath. The
aortic ring is suspended between a hook at the bottom
of the bath and a Force transducer above and perfused
with Physiological Salt Solution (PSS) at 37°C' bubbled
with 95%0,-5%C O, gas mixture. The Force transducer
is connected to the Grass polygraph to record tension
developed by the ring during experimentation
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FIGURE 3. Pressurized vessel set up. The mesenteric
artery is viewed with an inverted microscope (on the
left), connected via a video camera, to a monitor which
records the luminal diameter of the vessel digitally (dis-
played below the screen). Constriction of the vessel re-
sults in decreased diameter which can be measured.
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PRECISION DIE DESIGN BY THE DIE EXPANSION
METHOD

A.O.A. IBHADODE, FAS

ABSTRACT. A new method for the design of precision dies used
in cold forging, extrusion and drawing processes is presented. It
is based on die expansion. It attempts to provide a clear-cut the-
oretical basis for the selection of critical die dimensions for this
group of precision dies when the tolerance on product diameter
(or thickness) is specified. It also presents a procedure for select-
ing the minimum-production-cost die from a set of design alterna-
tives. The results show that as external die diameter increases, die
expansion decreases while die strength increases. Also, as the de-
gree of die compounding increases, die expansion decreases and die
strength increases. Comparison of theoretical and experimental re-
sults shows good agreement especially at full die cavity filling stage.
Die selection from a set of multi-layer dies is based on the die that
has minimum Design Effectiveness Index (DEI) which gives the
minimum-production-cost die. It is hoped that the design method,
apart from providing solutions to simple design problems, can be
applied as a first approximation to the solution of more complex
problems, based on a clear-cut theory rather than the usual rule-
of-thumb method. Thereafter, more sophisticated computer-based
methods may be applied for refinement.

1. Introduction

Precision dies are dies used to produce net or near-net shapes which
require little or no post-forming processing such that they may be used
in the as-formed state. Thus, precision dies find application in metal
forming operations (such as in forging, extrusion, drawing and press-
work), metal-casting (die-casting, lost-wax casting, etc) and polymer

Key words and phrases. (Engineering) Die Design, Die expansion, Product
tolerance.
16
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processing (injection molding, compression molding, etc). This work
however is restricted to metalworking precision dies.

Die design, no matter the area of application, depends heavily on ex-
perience gathered over the years. There are usually no fixed rules
for the design of dies as different approaches could lead to the same
result though in differing degrees of success. However, certain princi-
ples developed over the years through practical experience exist which
when applied could lead to acceptable products produced at compet-
itive costs. Thus, a good number of works exist in which these prin-

ciples have been outlined. Examples include the works of Lantrip et
al[1], Lange[2], Thomas[3], ICFG[4,5] and Smith[6].

With the widespread use of the computer, there is now the tendency to
de-skill die design in order to reduce associated cost and lead time. The
following methods have been applied: computer-aided design/computer-
aided manufacturing (CAD/CAM) (Akgerman and Altan[7], Yu and
Deanl[8], Nategh and Bakhshi-Jooybari[9]), the finite-element method
(FEM) (Rowe et al[10], Kobayashi et al[11]), and intelligent knowledge-
based systems (IKBS) or expert systems (Sevenler[12], Osakada and
Yang[13], Hartley et al[14], Bakhshi-Jooybari et al[15, 16]).

Despite these improvements based largely on experience, it is still im-
portant to provide some theoretical basis for die design or some aspects
of it, which will aid the universal application of principles. For exam-
ple, such principles could be used across a range of processes such as
forging, extrusion and drawing without having to devise unique rules
for each separate process. This work presents a new method for the
design of the precision dies used in cold-forging, extrusion and draw-
ing processes. The method is based upon die expansion, and attempts
to provide a clear-cut theoretical basis for the selection of critical die
dimensions for this group of precision dies when the tolerance on prod-
uct diameter (or thickness) is specified. It also includes a procedure
for selecting the minimum-production-cost die from a set of design al-
ternatives.

2. The Die Expansion Method

Design Philosophy: Understandably, precision-formed products
are usually made in the cold state, specifically at room temperature
where the dimensions of product can be controlled precisely. Heat
expansion of dies and scaling of products are eliminated. In the cold-
working state, deformation loads are usually very high and metal flow
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is small compared to those encountered in hot-working. Axisymmetric
shapes lend themselves to cold-forming because they require no ex-
tensive redistribution of material. Therefore, we can safely state that
most precision metal working dies are used for producing axisymmetric
products.

A critical dimension of all axisymmetric products is the diameter of the
wall, 2a, which is in contact with the die wall during forming, where a is
the radius of the product. During forming, the die deforms elastically.
Thus, the die wall expands as shown in Figure 1 all dies just like any
other solid metal expands when loaded.

In all completely closed cavity forming operations, when the load is
removed the die stresses are relieved and the die wall recovers but not
fully due to the internal pressure still acting on it from the workpiece.
It is known in practice that, the die wall does not recover fully on
removal of the forming load because some force is required to eject the
workpiece from the die; and re-loading the workpiece into the die after
ejection also requires a load to do so. Additionally, measurement of
workpiece diameter after ejection shows that it is usually greater than
the die bore.

Ideal (Rigid) Die Real (Elastic) Die

FiGURE 1. Comparison of ideal (rigid) and real
(elastic) dies under same impressed load

For open die extrusion and drawing processes, where there is always an
impressed forming load as the product is being continuously formed,
the product flows out with the expanded diameter of the die orifice.
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(7)) 4
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Minimum diameter=10-0.25= 9.75mm

Maximum diameter = 10 + 0.25 = 10.25mm
Tolerance, Ad == 0.25mm

Positive tolerance = +0.25mm

F1GURE 2. Tolerances on a particular product

These additional dimensions to the nominal dimensions of the formed
products arising from die expansion are causes of inaccuracies in the
final dimensions of products. These inaccuracies in product dimen-
sions brought about by die expansion can be transferred to tolerances
specified on the product as shown in Figure 2. Thus, by limiting these
inaccuracies to the positive tolerance on workpiece dimension, the die
dimensions may be selected. This is what the die expansion method
for precision die design seeks to achieve[17, 18].
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FIGURE 3. A completely closed cavity die

In completely closed cavity-die processes (Figure 3), the method may
also be extended to select the dimensions of the punch and counter-
punch by considering the positive tolerance on product thickness or
height.
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The design method is derived for cylindrical dies with plain bores.
Figure 4 shows how the method may be applied to rectangular blocks
in which a cylindrical die has been fitted, and to a die with a complex
internal feature. Depending on particular applications, the method
may also be used as a first approximation, on which FEM and IKBS
may be used for refinements or detailed studies, for example, the use
of the simulation software - SimufactForming [19].

Scope of the Method: The die expansion method of die design may
be applied to the following processes:

(7) Completely - closed cavity die forging as shown in Figure 5 and
their variants.
(i7) Extrusion processes as shown in Figure 6.
(737) Drawing processes such as rod or wire and tube drawing as
shown in Figure 7.
(1v) Cold compacting in powder metallurgy products similar to Fig-
ure 5.

WIITA = &

fch |

FiGurE 4. Extension of the design method to
other forging dies

Design: The Die Expansion Method has evolved over the past 20
years from work on precision die design starting in 1987 with the devel-
opment of a model by Ibhadode and Dean [20] to explain the increase in
the diameter of a forging over its die bore after ejection in a completely
closed cavity die. Further work was done by Ibhadode [21, 22, 23, 24,
25, 26, 27, 28]. The die consists essentially of a punch, counterpunch
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FiGURE 5. Closed cavity die forging
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and die container. During forming, the container expands under the
forming load F' by Aar at the die bore of diameter 2a. For processes in
which the exiting product is under pressure such as in wire/rod/tube
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drawing and extrusion processes, the impressed die expansion on the
exiting product is Aap. For processes in which the final product is
obtained after the release of the forming load as in forging processes,
there is a residual die expansion Aagy at the bore after release of the
forming load. Thus, the final product is impressed with this residual
die expansion Aag.

The Die Expansion Method of design requires that these inaccura-
cies brought about by die expansion be limited to the positive tolerance
specified on the product diameter, dd. Thus, the condition to be satis-
fied (apart from strength criterion) is

Aa(Aap or Aag, whichever is applicable ) < +Ad/2 (1)
Equation (1) is the first governing equation.

It is known that as the external diameter of the die container 2b, in-
creases the die expansion Aa decreases while the die strength increases.
It is also known that as the number of cylinders or layers of the die
container increases, the die expansion Aa also decreases. (Similarly,
the die strength increases). The decrease in Aa occasioned by increase
in number of cylinders or layers is much more effective than by mere
increase of the external diameter of a single-cylinder or layer die con-
tainer. This is also true for the die strength. All dies irrespective of
design method must have sufficient strength to withstand deformation
loads. Therefore, the other governing equation is

Oqll = UOO.Z/SF (2)

where o, = allowable stress, that is, the maximum stress that can be
allowed in the die, 0,00 = 0.2% proof stress of the die material which
is constant for the die material used and SF' = Safety Factor.

By the use of Equations (1 and 2), the appropriate die dimensions
and number of cylinders or layers of cylinder making up the die con-
tainer can be selected. As the number of cylinders making up a die
container increases, the die expansion Aa decreases; however, the cost
of the die C increases. Thus, it is important to know the minimum cost
of die that will give an acceptable die expansion.

The die production cost C, is made up of

(7) Die material cost Cy



PRECISION DIE DESIGN BY THE DIE EXPANSION METHOD 23

0 s |
L
, .
i N 12
fE_ == -
R L
i
INWAHAN

FIGURE 9. A real duplex (2 — plex) die
(i4) Machining cost C,,
(#74) Die assembly cost C,,

Thus
C:Cd+cm+0a (3)
The die material cost is the sum of the cost of each blank for making

each cylinder. The machining cost includes the actual cutting cost,
idle machine cost, tool changing or replacement cost, and tool and
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regrinding cost. The machining parameters include cutting speed, feed
rate and depth of cut for each machining operation. The die assembly
cost includes set-up cost, actual press-fitting cost, press unloading cost,
and cost of removal of assembled cylinders from the press. The press-
fitting parameters include press speed, shrinkage pressure and Coulomb
friction. The heat treatment cost is considered negligible. A procedure
is developed for selecting the minimum production cost die. Figures 8
- 11 show the various forms of die container configurations considered.

For the design of punch and counterpunch (anvil) in precision forging
dies, an Additional design equation is used given as

Az < +AH (3)

where Ax = total elastic displacement of die after unloading and + A H
= positive tolerance on product thickness.

This new method of die design is presented in a new book by Ib-
hadode[29].
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FIGURE 10. A triplex (3 — plex) die

3. Results and Discussion

Comparison of Experimental and Theoretical Results
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FIGURE 11. A triplex (4 — plex) die

Forming Load: Figure 12 shows the plots of die expansion (Aa/a)
against punch pressure P. The experimental results were obtained by
forging commercially pure aluminum billets measuring ?50 x 40mm
high in a duplex forging die with bore diameter 63.5mm. Forging
was done incrementally from 600kN to 1800kN on a 3000kN Denis-
son compression testing machine. After each increment of forging, the
workpiece was ejected and the dimensions 2h (workpiece height), 2I
(workpiece-die wall contact length) and the diameter of the forged
workpiece 2(a + Aa) were measured.

The experimental curve indicates that die expansion (Aa/a) increases
with punch pressure. The figure shows that a maximum die expansion
of 0.00125 or 0.125 percent was obtained. For any nominal forging
dimension, this would result in a height reduction of about 0.25%. So
depending on the part tolerance required, die container expansion could
have a significant effect on product accuracy.

Figure 12 also shows a comparison between theoretical and experimen-
tal die expansion curves. The theoretical curves for workpiece - die
wall friction factors, m,, = 0,0.5 and 1 are shown. The theoretical
curves vary over a narrower range of die expansion than the experi-
mental curve. They all predict higher die expansion at lower punch
pressures. However, as punch pressure increases the divergence be-
tween the theoretical and experimental curves decrease. Agreement is
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particularly good for m,, = 0.5 at full filling pressure. This is good as
formed products are used in the full filling stage.

The theoretical curves indicate that die wall friction influences the final
diameter of a formed product. The higher the friction, the higher the
die expansion. The experimental curve tends to cut across different
friction levels as punch pressure increases. This may be due to the fact
that frictional stress increases with pressure.

The experimental curves also show that full die cavity filling was not yet
quite achieved at the final load of 1800kN (pressure = 0.52kN/mm?)
as 2h — 2l = 3mm. For full filling, 2h — 2[ should be zero.

EXPERIMENT  THEORY

2h
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FiGURE 12. Plots of die expansion against punch pressure

Degree of Die Compounding: Figure 13 shows the experimental and
theoretical plots of die expansion Aa,/a; (relative to die expansion
for the 1 — plex die) against n — plex. Four separate dies were made.
These were 1 — plex (monoplex), 2 — plex (duplex), 3 — plex (triplex)
and 4—plex (quadruplex) dies, having a constant material volume. The
interface diameters of the multiplex dies were selected using the partic-
ular design equation. Each die had an internal radius a = 17.5mm and
outer diameter to internal diameter ratio, b/a = 2.51. Commercially
pure aluminum billets of initial dimensions DW30mm x 35mm high were
forged at 450kN in each of the dies on a 600kN Avery compression
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testing machine. After each forging, the workpiece was ejected from
the die and its forged diameter was measured. The difference in di-
ameters between the forged diameter and the die bore was taken as
the diametral die expansion 2Aa. The die expansion 2Aa was also
obtained from the appropriate equation (for n = 1,2,3 and 4) for each
of the forging, using the experimental conditions.

Expenment

=1
1
T

= ——f=——— - Theory

= = =
¥ + F

DIE EXPANSION RELATIVE TO 1 - PLEX DIE Aa,fAa,
S
t

1hiex 2pEx 3pLEx 4-PLEX
nPLEX

FiGure 13. Plots of die expansion against degree
of die compounding

Figure 13 shows that as the degree of die container compounding, (that
is, n — plex) increases, the die expansion reduces experimentally and
theoretically. The experimental results show that the relative die ex-
pansion of the 2 — plex, 3 — plex and 4 — plex dies are 624%, 37% and
32% of that of the 1—plex die respectively. Similarly, the theoretical re-
sults predict 54%, 40% and 26% reductions correspondingly. Thus, the
theoretical and experimental results compare fairly well. Discrepancies
may have arisen from machining errors on die bores for the different
dies, and on interface diameters which are responsible for setting up
shrinkage stresses for given interference diameters. The theory shows
that the shrinkage stress (pressure) ps, is a decisive factor in determin-
ing die expansion.

4. Case Study

Figure 14 shows an H-shaped forging to be made in a die. It is
required to select an appropriate die container that can be produced
at minimum cost.
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FiGURE 14. H-forging in die

Data
e Product to be made of low carbon steel with yield stress =
0.25kN/mm?.
e Tolerance on outside diameter of product, .
e Tolerance on web thickness,
e Initial dimension of billet is 50mm diameter x 61mm high.
e Required forging load is 4500k N .

e Die container, punch and counterpunch are to be made from a
material with 0.2% proof yield strength, = 2.kN/mm2, modulus
of elasticity, E = 225kN/mm?2, and Poisson’s ratio,

Problem 1: Using a safety factor, SF' = 1.05, design the following
types of die container that may be used to form the product: monoplex,
duplex, triplex and quadruplex.

Container Design Values: Application of the design method to die con-
tainer gives the following design solutions
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o 1 — plex die: 2a = 60mm, 2b = 900mm
e 2 —plex die: 2a = 60mm, 2b = 144mm
e 3 — plex die: 2a = 60mm, 2b = 132.9mm

o 4 — plex die: 2a = 60mm, 2b = 128.7mm
Satisfaction of design requirements: The four designs satisfy

- maximum die stress be less than or equal to the allowable die
stress (o4 = 1.9048kN/mm?)

- die expansion be less than or equal to the specified product
tolerance on diameter ( ).

Problem 2: Select the die container that gives the minimum design
effectiveness index (DEI) where
Poduction Cost Die

DFEI = 5
Margin of safe Design of Die (5a)

where
Oqll — 5’9 % Ad —2.Aa
Tall Ad

After carrying out the design for the four dies, we arrive at Table I
showing the Design Effectiveness Indices for the dies.

Margin of Safe Design (MSD) = (5b)

From Table I, the triplex die (3 — plex) has the minimum Design Effec-
tiveness Index, DET = $7,317.88. Next to it, is the duplex (2 — plex)
die with a DEI of $11,221.57. Based on these values, the triplex
(3 — plex) die is selected.

Table I Design Effectiveness Indices (DEI) for dies

n — plex | Die Cost, C($) | MSD DEI($)

1 —plex | 10,883.99 0.000394 | 27,624,340.10
2 —plex | 481.54 0.050189 | 9,594.53

3 — plex | 580.93 0.079431 | 7,313.64

4 — plex | 667.14 0.022470 | 29,690.25

However, the difference in DEs of the duplex and triplex dies is not
appreciable compared to those of the 1 — plex and 4 — plex. Based
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on prevailing circumstances, for example, easy availability of stock bar
sizes, cost, etc, the duplex die could also be used.

The monoplex die has an unusually high DET of over $27 million. The
design of the monoplex die was pursued to its logical conclusion for the
purpose of illustrating the use of the design method

Benefits of the New Die Design Method

(1) Tt allows for cost-effective design of dies by producing a die de-
sign that gives precise dimensions of products produced in them
at minimum cost.

(77) It is able to use the expected tolerance on product as input into
the design process. This gives it the inherent ability to produce
precision die designs. Conventional die design methods do not
have this ability.

(7i1) For processes requiring the use of punch and counterpunch in
the dies, the method gives the ability to the designer to pre-
dict punch and counterpunch dimensions from a knowledge of
the tolerances expected on the products to be produced in the
future die.

5. Conclusion

A new method for designing precision dies based on die expansion
has been presented. It provides a clear-cut theoretical basis for the
design of axisymmetric dies. It is able to select the outside diame-
ter of die container, degree of die container compounding, punch and
counterpunch (anvil) dimensions in precision forging dies and minimum
production cost of die.
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ABSTRACT. Plasma gasification in waste to energy is one of the
novel applications that were introduced many years ago. Landfill
sites and incineration continue to be the primary methods used
to dispose wastes with significant negative impact on the environ-
ment. Landfill releases methane which is 21 times more dangerous
as a greenhouse gas than carbon dioxide. Incineration is often
pushed as an alternative to land filling. However, it is a known
fact that incinerator ashes are contaminated with heavy metals,
unburned chemicals and new chemicals formed during the burning
process. These ashes are then buried in landfill or dumped in the
environment. Rather than making waste disappear, incinerators
create more toxic waste that pose a significant threat to public
health and the environment. Sustainable and successful treatment
of MSW should be safe, effective, and environmentally friendly.
In this application, plasma arc gasifies the carbon-containing ma-
terials in the waste to produce synthesis gas (syngas) composed
primarily of carbon monoxide and hydrogen, which can be used
to produce energy through reciprocating engine generators - gas
turbines and steam boilers in integrated gasification combine cir-
cle (IGCC), and/or liquid fuels. The in-organic waste materials
are vitrified and runs out of the vessel’s bottom as glass-like slag
and reusable metal. The double benefit of waste management and
energy production is realized from plasma gasification process.

1. Introduction

Camacho, the former NASA scientist, used plasma technology to
transform waste to energy in 1973. He showed that the process would

Key words and phrases. Plasma physics, plasma gasification, waste to energy,
syngas.
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produce useful gas that could be used for producing various forms of
energy, and vitrified rock-like byproduct that could be used as con-
struction aggregate (Camacho, S. L. 1996). The harmful attributes
of landfills to environment are revealed (Youngchul B, Moohyun C,
Soon-Mo H, and Jaewoo C, 2012). Consequently, the issues related to
landfills, created an atmosphere for academia and industry to extend
their research frontiers for new solutions that would be environmentally
friendly.

Although plasma technology was introduced in the 1950s, adaptation
of this technology to large-scale waste destruction, including gasifica-
tion of waste and recovery of energy from the generated gas is new.
Plasma gasification of municipal solid waste (MSW) is a fairly new
application that combines well-established sub-systems into one new
system (Dodge E. 2009).

In Plasma Gasification (http://www.recoveredenergy.com/ d_plas-

ma.html) the MSW is gasified in an oxygen-starved environment to de-
compose waste material into its basic molecular structure. As opposed
to incinerators, the waste does not combust in the gasifying plant.
Plasma may be created in a variety of ways, including passing a gas
between objects with large differences in electrical potential, as in the
case of lightning, or by exposing gases to high temperatures, as in the
case of arc welding or graphite electrode torches. Plasma arc torches
utilize a combination of these techniques (Anyaegbunam F.N.C., 2013).
A relatively small quantity of ionized gas is produced by an ”arc ig-
niter” and introduced between the electrodes contained in the body
of the torch. The extremely intense energy produced by the torch is
powerful enough to disintegrate the waste material into its component
elements. The subsequent reaction produces syngas and byproducts
consisting of a glass-like substance used as raw materials for construc-
tion and also re-useable metals. Syngas is a mixture of hydrogen and
carbon monoxide (Blees, Tom 2008) and it can be converted into fuels
such as hydrogen, natural gas or ethanol. The Syngas so generated
is fed into a heat recovery steam generator (HRSG) which generates
steam. This steam is used to drive steam turbine which in turn pro-
duces electricity. The cooled gas is then compressed and used to drive
a gas turbine which in turn produces additional electricity. The in-
tegrated gasification combine circle (IGCC) energy thus produced is
used partly for the plant load, while the rest can be sold to the utility
grid. Essentially the inorganic materials such as silica, soil, concrete,
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glass, gravel, including metals in the waste are vitrified and flow out
the bottom of the reactor. There are no tars, furans or ashes enough
to pollute the environment.

Municipal solid waste is believed to be a source of renewable energy, and
plasma arc gasification technology is one of the leading-edge technolo-
gies available to harness this energy (Pourali, M. 2010). The Waste
is a sustainable fuel source and increasing day by day as population
increases. Therefore Plasma Gasification may be proven as a sustain-
able source of clean energy and environmentally safe solution for waste
management.

1.1. Waste Handling and Treatment.

In most developing countries, wastes are commonly dumped in open
dumps uncontrolled landfills where a waste collection service is orga-
nized. Developed countries, on the other hand have well organized
waste management systems. Open dumping of waste cannot be con-
sidered as a long-term environmental method of disposal. The dangers
of open dumping are many; health hazards, pollution of ground wa-
ter, spread of infectious diseases, highly toxic smoke from continuously
smoldering fires and foul odors from decomposing refuse. There is no
defined method of waste handling and treatment but several million
tons of MSW have been deposited in open dumpsites over the years.
A new technology such as Plasma Gasification Technology may prove
to be an environmentally friendly solution for the treatment of wastes.

1.2. Plasma Technology.

Plasma, often referred to as the “fourth state of matter”, is the term
given to a gas that has become ionized. An ionized gas is one where
the atoms of the gas have lost one or more electrons and have become
electrically charged. The sun and lightning are examples of plasma in
nature. Important properties of plasma include the ability to conduct
an electric current and to respond to electromagnetic fields. The term
“plasma” was coined (Langmuir I., 1928) perhaps, because the glowing
discharge molds itself into the shape of the Crooks tube. The presence
of a non-negligible number of charge carriers makes the plasma electri-
cally conductive so that it responds strongly to electromagnetic fields,
(Patel M. L, Chauhan J. S, 2012).
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Artificial Plasma may be created by passing a process gas, which serves
as a dielectric, between objects with large electrical potential differ-
ences. The potential difference and subsequent electric field causes ion-
ization of the gas and electrons are pulled toward the anode while the
nucleus (Chen, Francis F., 1984) pulled towards cathode. The current
stresses the gas by electric polarization beyond its dielectric strength
into a stage of electrical breakdown. The presence of this ionized gas
allows the formation of an electric arc between the two electrodes, and
the arc serves as a resistive heating element with the electric current
creating heat which creates additional plasma that allows the arc to be
sustained. A major advantage of the plasma arc as a resistive heating
element is that it is formed in a gas and cannot melt or fail as can
solid heating elements. Interaction between the arc and process gas
introduced into the torch causes the temperature of the gas to be very
high and the hot gas can exit the plasma torch at about 10, 000°C.

D Electrodes
- Entering Process Gas
0l

| Plasma Column

. Heated Process Gas

FIGURE 1. Plasma Tourch

The ability to increase the temperature of the process gas up to ten
times higher than those attainable by conventional combustion makes
plasma arc technology ideally suited for high temperature process ap-
plications such as gasification.

2. Materials and Methods

Waste in Abuja-Nigeria is considered as a test case for this study.
Information on waste collection and handling is supplied by Abuja en-
vironmental protection board (AEPB) and also from various municipal
area councils in the Federal Capital Territory. Some workers at AEPB
were interviewed to gather relevant information on the status of MSW
collection and disposal. Various open dumpsites were visited and waste
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samples collected and analyzed. Useful information is also gathered
from AEPB website: (www.environmentalprotectionboard.gnbo.com.ng)
Data collection and analysis is based on the information about the six
municipal area councils of Abuja with respect to 2006 population cen-
sus. A survey is conducted on the status of solid waste generation in
each of the municipal area councils. The area councils provided infor-
mation based on collection and transportation. The data collected from
the area councils and those obtained on their websites were analyzed
and corrections made on average basis of the size of the area council.
The sampling was done at the dumpsites and analysis done for the
composition of MSW in each area council as per established guidelines
issued by the United Nations Environment Program (UNEP).

2.1. Municipal Solid Waste Generation and Characterization.
Solid waste generation studies are based on the information supplied
by the local area councils. There are no regulations or standards to
guide the collection and monitoring of the MSW. Less than 50% of
the waste generated is collected. The MSW generation in Abuja is
shown in Table 1. The rate of MSW generation in Abuja is about
0.67kg/cap/day.

Table 1. Municipal Solid Waste Generation in Six Area Councils of Abuja

MUNICIPALAREA | POPULATION MSW /MT/d Per capita waste
COUNCILS Generation/kg/d
ABUJA 2,245,000 1527 0.68

ABAII 58,444 38 0.65

BWARI 227,216 150 0.66
GWAGALADA 157,770 104 0.66

KWALI 85,837 55 0.64

KUIE 97,367 44 0.67

TOTAL 2871634 1918 0.668

Table 2. Waste Stream Composition

ABUJA | ABAll BWARI GWAGALADA | KWALI KUJE
Putreserible | 53.2 52.5 50.8 51.9 54.5 55.0
Plastics 7.2 8.2 8.1 7.8 6.8 7.6
Paper 14.0 12.4 14.3 13.5 12.1 13.8
Textile 4.1 3.5 2.6 4.0 4.6 2.7
Metal 5.0 4,5 5.1 52 4.9 3.9
Glass 3.5. 3.9 4.0 4.2 4.3 4.1
Others 13.0 15.0 15.1 13.4 12.8 12.9

The food consumption of residents of Abuja and the municipal area
councils is essentially carbohydrate and vegetables just as in most part
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of Nigeria. This partly gives rise to higher percentage of organic com-
ponent of the MSW. The AEPB does not provide separate solid waste
management for the seven classifications of available solid waste. The
majority of substances composing municipal solid waste include paper,
vegetable matter, plastics, metals, textile, rubber and glass. Table 2
shows a comparative analysis of municipal solid waste composition in
the six Municipal area councils of Abuja. It can be seen that great
majority of the total solid waste generated in Abuja is organic as in
most developing countries.

2.2. Plasma Gasification Process.

Gasification is a process that converts carbon-containing materials,
such as municipal solid waste (MSW), coal, petroleum coke, or biomass,
into a synthesis gas (syngas) composed primarily of carbon monox-
ide and hydrogen. Gasification occurs (Anyaegbunam F.N.C., 2013)
when a carbon-containing feedstock is exposed to elevated tempera-
tures and /or pressures in the presence of controlled amounts of oxygen
which may be supplied by air, oxygen enriched air (essentially pure oxy-
gen), or steam. The global gasification reaction is written as follows;
waste material is described by its global analysis, C HxOy), (Youngchul
B, Moohyun C, Soon—Mo H and Jaewoo C, 2012):

CH,O, + wHy0 + mO;y + 3.76mNy; — aHy + bCO + cCO, + dH,0
+ GCH4 + fN2 + gC,

where w is the amount of water per mole of waste material, m is the
amount of Oy per mole of waste, a,b,c,d,e, f and g are the coeffi-
cients of the gaseous products and soot (all stoichiometric coefficients
in moles). This overall equation has also been used for the calculation
of chemical equilibrium occurring in the thermal plasma gasification
with input electrical energy. The concentrations of each gas have been
decided depending on the amount of injected O, H20, and input ther-
mal plasma enthalpy. The detailed main reactions are as follows:

CH4 + H,O — CO + 3H, (CHy4 decomposition-endothermic)

CO + Hy0 — CO,y + Hy (water gas shift reaction-exothermic)

C 4+ H20O — CO + Hs (Heterogeneous water gas shift reaction-endothermic)
C+COy — 2CO (Boudouard equilibrium-endothermic)

2C 4+ O, — CO

The Hy; and CO generated during the gasification process can be a fuel
source. Therefore, plasma gasification process has been combined with
many other technologies to recover energy from the syngas.
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2.3. Plasma Gasification of Municipal Solid Waste (MSW).

Plasma gasification is an efficient and environmentally responsible form
of thermal treatment (Dighe Shyam V., 2008) of wastes which occurs
in oxygen starved environment so that waste is gasified, not incin-
erated. Westinghouse Plasma Corporation (WPC) has developed a
plasma gasification system (Patel M. L, Chauhan J. S, 2012; Anyaeg-
bunam F.N.C, 2013) which uses plasma heat in a vertical shaft cupola
adopted from the foundry industry. The plasma gasification process is
illustrated in Figure 2 below. The heart of the process is the plasma
gasifier; a vertical refractory lined vessel into which the feed material is
introduced near the top along with metallurgical coke and limestone.
Plasma torches are located near the bottom of the vessel and direct
the high temperature process gas into a bed of coke at the bottom of
the vessel. Air or oxygen is introduced through tuyres located above
the torches. The high temperature process gas introduced through the
torch raises the temperature of the coke bed to a very high level to
provide a heat reservoir and the process gas moves upward through the
gasifier vessel to gasify the waste. The power of plasma gasification
makes it environmentally clean technique. Plasma Gasification Plant
(PGP) projects (Evans Steve D, 2009) are being developed by many gas
plasma technology companies, and real benefits are obtained from this
technology for the Municipal Solid Waste (MSW) disposal. (Plasma
Gasification Plant Benefits for Municipal Waste Management, Ezin-
eArticles.com, available at http://www.articlesbase.com/literaturearti-
//cles/plasma-gasification-plant-benefits-for-municipal-waste-manage-
ment-850915 . html, accessed during December 2011). Additional heat
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FIGURE 2. Plasma gasification process
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is introduced from the reaction of the carbon in waste with the oxy-
gen introduced through the tuyres to produce carbon monoxide in the
gasification process. The hot product gas, passing upward though the
waste breaks down organic compounds and dries the waste at the top
of the gasifier. As the waste moves downward through the gasifier ves-
sel, inorganic materials such as metal, glass and soil are melted and
produce a two phase liquid stream consisting of metals and a glass-like
(vitrified) residue that flows to the bottom of the vessel. Discharge of
the molten material into water results in the formation of metal nodules
and a coarse sand-like material.

2.4. Environmental Sustainability of Plasma Gasification.
Plasma gasification represents a clean and efficient option to convert
various feed stocks into energy in an environmentally responsible man-
ner (Nedcorp Group, 2009; Anyaegbunam F.N.C., 2013). In the plasma
gasification process, heat nearly as hot as the sun’s surface is used to
break down the molecular structure of any carbon-containing mate-
rials - such as municipal solid waste (MSW), tires, hazardous waste,
biomass, river sediment, coal and petroleum coke - and convert them
into synthesis gas (product gas) that can be used to generate power,
liquid fuels or other sustainable sources of energy.

The Georgia Tech PARF lab conducted several tests (Pourali, M.
2010) using their prototype plasma gasification units. The main sup-
plies of the furnaces were artificial combination of materials to simu-
late typical average constituents of MSW based on US EPA. For the
Ex-Situ experiments the MSW constituents were used and for In Situ
experiments, soil was added to the MSW constituents to simulate a
real landfill. The summary of the PARF lab experiment results are as
follows:

1. The percentage weight loss of the MSW after plasma process-
ing is 84% for ex-situ experiment where the MSW constituents
alone were used, and 59% for in-situ experiment where soil was
added to MSW to simulate a real landfill or dumpsite. And
weight loss was significantly less than for ex-situ experiments.

2. The percentage volume reduction of the MSW after plasma pro-
cessing was 95.8% for ex-situ experiments and 88.6% for in-situ
experiment. Again, given that significant amount of soil was
added to the mix in in-situ experiment, obviously, the soil was
melted (vitrified) but did not gasify and consequently the vol-
ume reduction was reasonably different comparing with ex-situ
experiment.
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3. Toxicity Leaching text results for heavy metals (Arsenic, Bar-
ium, Cadmium, Chromium, Lead, Mercury, Selenium and Sil-
ver) present after plasma gasification process are below de-
tectable levels (BDL) in both experiments, and also far below
the permissible standards established by US EPA.

4. Output Gas Composition: Table-3 shows the output syngas
compositions for experiment without soil and with soil respec-
tively in parts per million:

Table 3. Output Gas Compeosition

Output Gas Ex-Situ Experiment without In-Situ Experiment with
soil (PPM) soil (PPM)

Hydrogen (H2) =20,000 =20,000

Carbon Monoxide 100,000 =100,000

(CO)

Carbon Dioxide 100,000 90,000

(CO2)

Nitrogen Oxides =50 100

(NOx)

Hydrogen Sulfide 100 80

(H25)

Hydrogen Chloride =20 225

(HCL)

Hydrocarbons =5,000 =4,500

PPM = parts per million.

2.4.1. Low emissions.

Less than 0.01 NG/NMS3 of Dioxins/Furans emission results in PG. The
pollutants (No,, So, and particulate matter are significantly low in PG
Process see (Fig.3). Sulfur reports as Hydrogen Sulfide (H,S) Easier
to clean than So,. Tars are cracked prior to leaving Plasma Gasifier.
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FiGURE 4. Net climate change emissions for
Plasma gasification are negative compared to
other waste management options

The rate of Carbon dioxide emission (Circeo L. J, 2012) per MWH of
electricity produced shows (EPA document: www.epa.gov/ceanenergy-
/emissions.htm) that while incineration of MSW emits 2,988 pounds
of CO2 per MWH of electricity produced, plasma gasification emits
only 1,419 pounds per MWH. (Westingouse Plasma Corporation, CO,
conversion-Nedcorp Group, 2009). Each plasma gasification applica-
tion will have a different environmental profile, (Nedcorp Group, 2009)
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but in general terms a plasma gasification facility will have very low
emissions of NO,, SO,, dioxins and furans. In summary, when com-
pared to conventional incineration or traditional gasification technolo-
gies, the Plasma Gasification technology and its plasma torch systems
offer the following benefits listed in table 4:

to Incineration and Other Gasification Processes

Table 4. Plasma Gasification Compared

with limited pre-

allowing for simple

creating a product

Feedstock Ease of Operation Environmental Flexible Product
Flexible Benefits Delivery
A wide range of The Gasification Operation is Syngas
opportunity fuels | Reactor Operates at environmentally | composition (H2 to
can be accepted ambient pressures responsible CO ratio, N2) can

be matched to
downstream

reliability. Torch
consumables are

slag safe for use as
a construction

processing feed system and gas with very low
requirements | online maintenance of | quantities of NOx, | Process equipment
the plasma torches SOx, dioxins and by selection of
furans oxidant and torch
power consumption
Multiple Feed | Plasma Torches have Inorganic Multiple
Stocks can be no moving parts components get gasification
combined resulting in high converted to glassy | reactors are used

for larger projects
increasing

quickly replaced off aggregate availability of the
line by plant gasification system
maintenance
personnel

2.5. Plasma Gasification an environmentally friendly sustain-
able solution for Municipal Solid Waste Management.

As we have se